Introduction {#sec1}
============

Oxalic acid is a simple and relatively ubiquitous dicarboxylic acid found in a large variety of plants, bacteria, and fungi.^[@ref1]^ Its abundance and persistence pose a significant burden to society: it is a major component of 80% of kidney stones,^[@ref2]^ is notorious for damaging industrial machinery such as that in paper mills,^[@ref3]^ and is a major metabolite of the toxin ethylene glycol.^[@ref4]^ Methods for efficient and economical quantitation of oxalate in aqueous samples are needed. Published enzyme-based methods have become commercially available^[@ref5],[@ref6]^ but are cost-prohibitive and potentially susceptible to interference from sample components. For example, urine must be decolorized before analysis.^[@ref6]^ Standard chromatographic analytical techniques such as HPLC-UV or HPLC-RI,^[@ref7]^ LC--MS,^[@ref8]^ and GC-MS^[@ref9]^ can be effective for quantifying oxalate, but the instrumentation requires more training and time than fluorescent sensor-based protocols. Moreover, oxalate is not retained on many standard HPLC/UHPLC columns. Columns that are marketed for organic acid analysis, *e.g*., those employing mixed modal stationary phases such as sulfonated polystyrene cross-linked with divinylbenzene,^[@ref7]^ demonstrate poor retention of oxalate (oxalate has the shortest retention time of any organic acid tested^[@ref10]^).

Fluorescence derivatization reagents for carboxylic acids are readily available and can be used successfully when coupled with HPLC/UHPLC and a fluorescence detector. However, their limitations include cost, nonselective labeling of all carboxylic acids, and poor reactivity or solubility of some reagents in aqueous solutions. Several carboxylic-acid reactive derivatization reagents and their limitations have been discussed in a review by Mukherjee and Karnes.^[@ref11]^ In our experience (unpublished), one of the few reagents acceptable for use in aqueous solutions, 1-pyrenyldiazomethane, demonstrated no reactivity with oxalic acid. Limitations of these techniques have driven the development of alternative approaches. One such approach is the employment of fluorescent chemosensors. Several types of fluorescent chemosensor systems exist: for example, binary interactions involving a sensor and analyte, ternary systems involving competition between a fluorophore and analyte for binding to a ligand (usually a metal complex), and similarly, fluorescent metal-complex-based systems that may release the metal via precipitation with the analyte. Binding of the analyte to its target may enhance fluorescence (turn on), although the opposite is sometimes true (turn off). An overview of progress in the fluorescent chemosensor field has recently been published by Wu et al.,^[@ref12]^ with a helpful section on anion-specific chemosensors. To date, a diverse array of anion sensors has been synthesized and tested, ranging from polyazaalkane-containing anthracene derivatives^[@ref13]^ to Zn^2+^-containing naphthalene-based complexes^[@ref14]^ and a unique anion-induced supramolecular polymer based on porphyrin monomers.^[@ref15]^ These examples represent "on/off" sensors, characterized by reversible analyte binding, whereas other sensors rely on chemical reactions, resulting in covalent modifications of the sensor (*e.g*., superoxide sensing by HKSOX-1).^[@ref16]^

Despite significant growth in the anion-sensing field, there is a lack of highly specific oxalate sensors. Rhaman et al. described a nickel-based macrocycle that bound to oxalate in water in a 1:2 "host--guest" binding mode ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref17]^ This interaction was shown to produce a red shift of fluorescence with a corresponding visible color change when an external dye (eosin Y) was included. In this study, oxalate was tested against various anions, including F^--^, Cl^--^, Br^--^, I^--^, NO~3~^--^, ClO~4~^--^, SO~4~^2--^, and PO~4~^3--^, and demonstrated specificity. However, a noteworthy limitation is the exclusion of other biologically relevant anions from the study, such as succinate, oxaloacetate, fumarate, citrate (a tricarboxylate), urate, and others, particularly because the findings were placed in the context of utility of the sensor in urinalysis and kidney stones. Urate and citrate are each present at higher molarities in urine than oxalate in the majority of patients.^[@ref18]−[@ref20]^

![2D structures and 3D crystal structures of dinuclear metal complexes employed in dicarboxylate sensing in eosin Y fluorescence indicator displacement assays. (a) Nickel(II)-based macrocycle showing 2:1 oxalate--sensor interaction.^[@ref17]^ (b) Cu~2~L (present study): Copper(II)-based macrocycle showing 1:1 oxalate--sensor interaction. Two coordinated nitrates are shown. Two nitrates exhibited disorder (not shown), and coordinated water is removed. (c) Related macrocycle not studied in chemosensing,^[@ref21]^ shown for comparison. (d) Copper(II)-based sensor showing 1:1 oxalate--sensor interaction.^[@ref22]^ (e) Copper(II)-based macrocycle showing 1:1 citrate--sensor interaction.^[@ref23]^ Coordinated water molecules were removed from all structures for visibility. All 3D structures (other than panel e middle) were viewed and exported from Mercury 4.0.0 (<http://www.ccdc.cam.ac.uk/mercury/>) with space fill atomic radii set to 1× van der Waals radii. Metal--metal spacing was calculated in Mercury. All 2D models were created in ACD ChemSketch. Only d was crystallized with an anion bound. Panels b, c, and e show two different perspectives in space fill. The middle panel of e was reproduced from ref ([@ref23]) (Copyright 2018 Springer Nature Limited) and is licensed under a Creative Commons License permitting reproduction (<http://creativecommons.org/licenses/by/4.0/>)).](ao0c01655_0001){#fig1}

Tang et al. reported the synthesis of "a fluorescent sensor based on binaphthol-quinoline Schiff base for relay recognition of Zn^2+^ and oxalate in aqueous media".^[@ref24]^ This sensor demonstrated a turn on response selectively activated by Zn^2+^. Oxalate was shown to quench the Zn^2+^-induced fluorescence through chelation and displacement of the metal ion. Other dicarboxylates, including phthalate, isophthalate, terephthalate, succinate, glutarate, adipate, and malonate, did not show significant quenching when tested at an equimolar concentration to oxalate. The investigators concluded that the sensor was selective for oxalate and demonstrated application in HeLa cells. However, given the presence of other dicarboxylates in biological samples and, in particular, samples where oxalate would be assayed, further investigation of this sensor's selectivity is warranted.

Tang et al. also reported an oxalate sensor that employs the standard eosin Y displacement method but configured with the copper(II) ions in a more open configuration compared to the other macrocycles discussed here ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).^[@ref22]^ The copper(II)--copper(II) distance in this complex is shorter than in the other sensors discussed here, at 5.2 Å, permitting a single oxalate molecule to coordinate with both copper(II) ions. Oxalate selectivity was tested against malonate, succinate, glutarate, and acetate. Malonate generated a marked fluorescence response that was slightly less than that produced by oxalate. Other di- and monocarboxylates were not tested in the study.

Hu and Feng reported "highly selective and sensitive fluorescence sensing of oxalate in water" using a copper complex of a cyclophane that demonstrated binding and quenching of eosin Y and fluorescein and subsequent turn on by displacement with oxalate ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).^[@ref25]^ The employed copper complex (the same chemosensor employed in the present study) was synthesized by first producing the ligand reported by Chen and Martell.^[@ref26]^ The reported assay was able to quantify oxalate over a broad concentration range at neutral pH and had a limit of detection for oxalate well under 1 μM. Specificity for oxalate was tested against malonate, succinate, glutarate, adipate, acetate, terephthalate, malate, fumarate, tartarate, phosphate, perchlorate, bicarbonate, sulfate, and nitrate. None of these anions showed strong interaction with Cu~2~L. The crystal structure was not determined in the investigation, but a modified version containing a benzoyloxy donor coordinated with each copper(II) ion was published in a separate study by Gao et al.^[@ref21]^

Approximately 10 years prior to the study by Hu and Feng, Fabbrizzi et al. synthesized the same macrocycle copper(II) complex.^[@ref27]^ The study demonstrated that the Cu~2~L--fluorophore complex was highly responsive to pyrophosphate, giving a concentration-dependent increase in fluorescence. The investigators also reported that phosphate, chloride, nitrate, sulfate, acetate, and benzoate did not elicit any fluorescence response. Pyrophosphate is abundant in living organisms, especially as a product of phosphorylation of nucleotides for DNA and RNA synthesis and when it is released during oligonucleotide elongation.

Rhaman et al. demonstrated that a related hexaazamacrocycle copper(II) complex^[@ref23]^ with thiophenes in lieu of *p*-xylyl exhibited the same basketlike configuration that was shown for the benzoyloxy-bound complex by Gao et al^[@ref21]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,e). This thiophene-containing complex was shown to bind to citrate and proposed to coordinate with separate copper(II) ions on each terminal carboxylate of a single citrate molecule. However, the investigators demonstrated that oxalate gave a similar fluorescence response to that of citrate and higher than that of glutamate, phosphate, adipate, tartrate, acetate, and benzoate. This brings into question the selectivity of this sensor for citrate and highlights the difficulty of selectively sensing any analyte using a sensor with readily accessible metal ions. It can be argued that in such instances, the spacing and rotational freedom of the carboxylates are more significant than the molecular size.

Because of its role in disease and biology, methods for removing oxalate are under investigation. For example, the bacterium *Oxalobacter formigenes*, which is harbored in the gastrointestinal tract of some humans, is being assessed for its ability to remove oxalate when administered as a probiotic.^[@ref28],[@ref29]^ Therefore, typical samples that must be assessed for oxalate are diverse, which include urine, blood plasma, fluids from industrial processes, bodies of water, and growth media and lysates of microorganisms. These biological and nonbiological matrices contain several chemicals that can potentially interact with metal ions in an indicator-based anion assay. In the case of Cu~2~L, it has been described as possessing a "defined cavity size",^[@ref25]^ which should set a stringent limit on the size of binding partners. The symmetrical tridentate nature of the ligand allows the coordination of two copper(II) ions opposite each other in a stable configuration inside the putative binding cavity. This design has been reported to impart selectivity for dicarboxylates (oxalate) and does not show any interaction with the monocarboxylates tested thus far.^[@ref25]^ For example, acetate, a monocarboxylate smaller than oxalate, did not displace eosin Y from Cu~2~L.^[@ref25]^ Interestingly, the proposed binding mechanism of eosin Y, which is released by oxalate binding, is at least partly through coordination of the carboxylate and phenolate of the indicator with the copper(II) ions.^[@ref27]^ The very size of this fluorescence indicator precludes entering the proposed binding cavity, demonstrating that the copper(II) ions may be accessible from the exterior surface of Cu~2~L. If this hypothesis was true, Cu~2~L would not be expected to exhibit specificity for oxalate. The present work was designed to address this question through revealing the crystal structure of Cu~2~L and furthering the analysis of binding specificity. We chose test analytes present in biological samples that are commonly assessed for oxalate. Our results highlight the need to refrain from claims of selectivity without a comprehensive evaluation of potential binding partners.

Results and Discussion {#sec2}
======================

The crystal structure of Cu~2~L has not been reported except with dibenzoyloxy donor groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c)^[@ref21]^ or acetoxy donor groups.^[@ref30]^ Gao et al. reported difficulty obtaining crystals without coordinating a benzoyloxy donor with both copper(II) ions.^[@ref21]^ Hu and Feng reported successful crystallization of Cu~2~L but did not report the 3D structure.^[@ref25]^ Here, we report success in crystallizing Cu~2~L with coordinated donor nitrates ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The formula determined from the single-crystal X-ray structure is Cu~2~L(NO~3~)~4~ (H~2~O)~3~. Two disordered nitrates and coordinated water molecules are omitted for visibility. We found that crystallization with coordinated nitrates did not yield a significantly different structure compared to that reported by Gao et al. ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c), indicating resistance of the macrocycle to distortion by these diverse donor groups. However, in their investigation, anion binding was not assessed. We found that the complex formed a basketlike structure with the *p*-xylyl groups forming the base of a small pocket. This structure showed significant resemblance to the structure reported by Rhaman et al. ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e).^[@ref23]^ One exception is the absence of an internal binding pocket in the structure by Rhaman et al. due to the near complete masking by methyl groups. In their study, citrate and oxalate were shown to bind readily to the sensor and release eosin Y, indicating that the displacement event occurred on the external face of the sensor. We also found accessible copper(II) ions on the external face of the Cu~2~L after water removal.

In addition to determining its crystal structure, we investigated the binding specificity of Cu~2~L. For potential application of this tool in diagnostics, it is critical to first assess specificity against substances known to be present in the biological samples in which oxalate is to be measured. Moreover, although a subset of mono- and dicarboxylate guest molecules is a reasonable group of compounds with which to compare oxalate, without experimentation, it is not possible to rule out interaction with other guest molecules, either bearing additional carboxylate groups or alternative functional groups, such as enolates, amines, or nonpolar π--π stacking groups. Uric acid, for example, bears all three of the latter groups and is more abundant than oxalate in urine. Moreover, citrate is a tricarboxylate that can be greater than 10-fold the oxalate concentration in urine. Normal 24 h urine outputs of uric acid and citrate are 250--800 mg^[@ref18]^ and 192--1249 mg,^[@ref19]^ respectively, whereas that of oxalate is 2--60 mg.^[@ref18]^ The median 24 h urine output for an adult is approximately 2100 mL.^[@ref19]^ This results in urine concentrations of these anions ranging from 0.7 to 2.3 mM (urate), 0.5 to 3.2 mM (citrate), and 0.01 to 0.3 mM (oxalate). Therefore, urate and citrate are potentially major interferences in an anion-sensing assay.

Confirmation of the Cu~2~L--eosin Y ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b) and Cu~2~L--oxalate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d) interactions is reported here. We found that a two-phase exponential decay model gave a better fit than a one-phase model for the Cu~2~L--eosin Y quench curve, with respective *R*^2^ values of 0.998 vs 0.993 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Despite similar *R*^2^ values, the two-phase model had a calculated \>99.99% probability of being the correct model, according to Akaike's Information Criteria (AICc), which is designed to balance model simplicity and accuracy. In addition, the Stern--Volmer plot was linear, indicating either a purely static or purely dynamic (not mixed) quenching interaction between Cu~2~L and eosin Y. Hu and Feng did not report a Stern--Volmer analysis but did conclude, by employing a Job's plot, that a complex formed with 1:1 stoichiometry between both Cu~2~L--eosin Y and Cu~2~L--fluorescein.^[@ref25]^ This, combined with our data, supports a purely static quenching mode. For oxalate--Cu~2~L binding, a two-site binding model gave a better fit (*R*^2^ = 0.991) than a one-site model (*R*^2^ = 0.987) with the following apparent constants: Kd~1~ = 5.17 ± 7.38 μM and Kd~2~ = 65.46 ± 23.0 μM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The two-site binding model had a calculated 75.5% probability of being correct according to AICc. This finding suggested that a low-affinity and high-affinity interaction may occur between oxalate and Cu~2~L. However, Hu and Feng demonstrated, again through use of a Job's plot, that oxalate binds with 1:1 stoichiometry to Cu~2~L.^[@ref25]^ The reasons why two-phase quenching and two-site oxalate binding provided the best fit to our data are not completely clear. Regarding the former, it is possible that free Cu~2~L affects light transmission in the bulk solution. This could not be confirmed. Regarding the latter, we did not control ionic strength in the experiments. We hypothesize that as the oxalate concentration is increased, the increasing ionic strength promotes eosin Y binding to Cu~2~L, possibly through intermolecular π--π stacking. This would occur competitively against oxalate binding to Cu~2~L.

![Concentration--response profile of Cu~2~L against eosin Y and oxalate displacing eosin Y. (a) Quenching of eosin Y fluorescence by Cu~2~L. Cu~2~L was added to solutions of eosin Y (10 μM final), mixed, and measured for fluorescence. Cu~2~L concentrations were 0, 1.22, 2.44, 4.88, 9.77, 19.53, 39.06, 78.13, 156.25, 312.50, 625.00, 1250, and 2500 μM. (b) Stern--Volmer plot of data in a to determine quenching mode. The 2500 μM data point was excluded as quenching was complete at 1250 μM. (c) Reversal of eosin Y quenching. Cu~2~L was added to eosin Y to quench fluorescence. Oxalate (0.5, 2.5, 5, 12.5, 25, 50, 125, 250, and 500 μM) was added to the complex of eosin Y--Cu~2~L to recover fluorescence. Reported values are the increase from baseline (quenched) fluorescence. (d) Visual demonstration of the assay under UV light. Sodium oxalate powder was added in excess (video available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_002.mp4)) to quenched eosin Y. Solutions were in ultrapure water with 10 mM HEPES and adjusted to pH 7.5. 485 nm excitation/528 nm emission (*n* = 3).](ao0c01655_0002){#fig2}

To address the primary purpose of our study, *i.e*., determining the selectivity of the sensor against biologically relevant compounds, we chose to investigate monovalent, divalent, and trivalent anions as well as two common bases in urine (creatinine and urea) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). With evidence that the copper(II) ions are accessible on the external surface of the sensor ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), we would expect to identify other larger dicarboxylates with significant affinity for the macrocycle. In order to test this, potential binding partners commonly found in urine, plasma, bacteria, and other biological samples were assessed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). We added Hank's balanced salts, which are commonly used in tissue culture to replicate the ionic composition of mammalian tissues, to the solutions in this selectivity experiment in order to better replicate a biological fluid. We excluded it from the experiments in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} in order to establish that the sensor was functioning as expected.

![Specificity test of Cu~2~L (20 μM) binding measured by recovery of eosin Y (10 μM) fluorescence. Baseline (quenched) fluorescence was subtracted. "Eosin Only" is baseline fluorescence in the absence of Cu~2~L. All anion solutions and assay mixes (eosin Y and Cu~2~L) were made in Hank's balanced salts with 20 mM HEPES (pH 8.0). Fifty microliters of anion solution was mixed with 50 μL of assay mix. All reported concentrations are final (*i.e*., after mixing with eosin Y--Cu~2~L). The plate was automixed and then read at 485 nm excitation/528 nm emission (*n* = 3).](ao0c01655_0003){#fig3}

We found that urate reversed fluorescence quenching by Cu~2~L more than oxalate, indicating a stronger interaction with Cu~2~L than oxalate ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Citrate demonstrated an interaction with Cu~2~L that was weaker than that of oxalate at 100 μM; however, citrate and oxalate gave similar responses at 1 mM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This is problematic in a urine assay because citrate concentrations can be 100--600 times greater than those of oxalate. Oxaloacetate, a key intermediate in the citric acid cycle, also demonstrated a substantial interaction with Cu~2~L. Several di- and monocarboxylates did not reverse the quenching, indicating that they do not displace eosin Y. Eosin Y is lipophilic, and we have directly observed time-dependent adsorption and loss of fluorescence in plastic vessels. We minimized the effects of these by adding eosin Y to the plates immediately before reading and storing in glass vessels at all other times. The mechanism by which several of the compounds (*i.e*., urea, adipate, glutarate, fumarate, succinate, butyrate, propionate, acetate, and formate) reduced fluorescence was not confirmed, but a potential explanation is that they may increase the driving force for eosin Y to bind to Cu~2~L by increasing the ionic strength of the solution. Eosin Y is lipophilic, requiring ethanol or other solvents for complete dissolution when making concentrated stock solutions. Therefore, we hypothesize that ionic strength will have a direct positive impact on its interaction with Cu~2~L. Some compounds (*e.g*., urea and succinate) demonstrated a reversal of this fluorescence quenching at higher concentrations, which may indicate that they displace eosin Y from Cu~2~L at higher concentrations.

This new evidence of strong urate and citrate binding confirms that the copper(II) ions are indeed not positioned in a selective pocket. However, the reason for lack of affinity for several similar dicarboxylate ions remains unknown. Urate is severely sterically hindered from entering the putative binding pocket due to its size and ring structure, but it shows the strongest interaction with Cu~2~L. It is likely that the coordination of copper(II) ions with the enolate (p*K*~a~ from 5.40 to 5.75) and amines in urate contributes to this binding; however, it is plausible that π--π stacking occurs between urate and the *p*-xylyl groups in the sensor. π--π stacking has been demonstrated for urate--theobromine binding.^[@ref31]^ Moreover, urate that crystallized with the urate oxidase enzyme in *Bacillus subtilis* revealed both polar and π--π stacking interactions as contributors to binding.^[@ref32]^ Fluorescence-based chemosensors for urate have been reported. For example, Sahoo et al. synthesized a naphthyridine-based fluorescent probe that demonstrated 1:1 binding stoichiometry with urate.^[@ref33]^ Rather than using indicator displacement, the probe functioned as both the indicator and the urate ligand, exhibiting quenching upon binding. Both aromatic stacking and hydrogen bonding were shown to contribute to the interaction with urate. The investigators reported a limit of detection of 0.6 μM at pH 7.4. In our results, the detection limit was estimated to be 1--10 μM or possibly less, as the fluorescence response appeared to have an upper limit caused by poor solubility rather than complete indicator displacement. Citrate is larger than oxalate and has been proposed to bind to the external face of the related copper(II) macrocycle that contains thiophene groups in lieu of the phenyl groups in the present study ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e).^[@ref23]^ Due to the prominence of ethylenediamine tetraacetic acid (EDTA) used as an anticoagulant in blood collection, it was necessary to determine its potential for interference with the assay. We observed 82% recovery of fluorescence with ethylenediamine tetraacetic acid (EDTA) in the assay at 500 μM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Test of Cu~2~L (20 μM) binding to EDTA measured by recovery of eosin Y (10 μM) fluorescence. "eosin Y" is baseline fluorescence in the absence of Cu~2~L. All solutions were made and measured as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. All concentrations are final concentrations after mixing (*n* = 3).](ao0c01655_0004){#fig4}

EDTA is used at approximately 1.5 mg/mL or 5 mM^[@ref34]^ and thus will undoubtedly confound assay results with Cu~2~L. EDTA is not known to readily extract copper(II) ions from other polydentate ligands, but as a hexadentate ligand itself, it is not surprising that it can displace eosin Y.^[@ref35]^ Regardless, this finding underscores the risk of exaggerating the selectivity of a chemosensor.

Conclusions {#sec3}
===========

In summary, we have demonstrated that Cu~2~L is not selective for sensing oxalate. In particular, urate and oxaloacetate demonstrated a stronger fluorescence response than oxalate. This binding promiscuity likely stems from the accessibility of the copper(II) ions on the external surface, as evidenced in the crystal structure. However, the lack of binding to a number of carboxylate-containing analytes gives this sensor some potential for use in a carefully designed assay. For example, it should be feasible to selectively remove interfering substances using enzymes. Urate oxidase^[@ref36]^ and citrate lyase^[@ref37]^ are effective and commercially available enzymes that may be used to remove two of the interfering compounds identified in this study. Finally, use of both 3D molecular modeling and X-ray crystallography of the sensor with guest molecules bound will be useful in the future for designing more selective chemosensors.

Experimental Section {#sec4}
====================

Reagents, Materials, Instruments, and Software {#sec4.1}
----------------------------------------------

Diethylenetriamine, terephthalaldehyde, copper(II) nitrate (pentahydrate), sodium borohydride, and solvents were obtained from Sigma Aldrich. All acids used in the specificity test were obtained from Fisher Scientific, with the exception of oxalic acid, oxaloacetic acid, and uric acid, which were obtained from Sigma Aldrich. Highest purity available was used in every case, and HPLC-grade solvents were used. All black 96 well assay plates (Microfluor 2Black Microtiter) were obtained from Thermo Scientific. All plates were read with a Bio-Tek FLx-800 fluorescence plate reader (BioTek, Winooski, VT) on the "top read" setting with sensitivity set to 60. NMR was performed on a Bruker Avance III Ultrashield 400 Plus spectrometer (Bruker BioSpin Corporation, Billerica, MA). Mass spectrometry was performed on an Advion expression CMS Electrospray Ionization instrument (Advion, Ithica, NY). All graphs and associated calculations were produced and performed using GraphPad Prism software (San Diego, CA).

Synthesis of Cu~2~L ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_001.pdf)) {#sec4.2}
-------------------------------------------------------------------------------------------------------------------------

The Schiff base (I) and ligand (L) were prepared as described by Chen and Martell. with minor modifications.^[@ref26]^ Briefly, 0.009 mol terephthalaldehyde (TPA) was dissolved in 150 mL of acetonitrile. Diethylenetriamine (DET, 0.009 mol) was dissolved in 280 mL of acetonitrile. The TPA was added at a rate of one drop per 2 s to the DET while stirring for a total addition time of approximately 100 min. Molecular sieves (3 Å) were used to absorb water generated in I synthesis to prevent reversion back to the aldehyde. A white precipitate formed in the first 2--4 h. The reaction was sealed and stirred at RT for 72 h. A light yellow precipitate (I) then formed. The precipitate was washed with acetonitrile and then ether. The waferlike powder was dissolved in 300 mL of methanol and then heated to 45 °C before adding 2.5 g of sodium borohydride. The reaction was stirred at 45 °C for 1 h, with marked H~2~ (g) generation for the first 20--30 min, indicating reduction of the four double bonds. The methanol was evaporated to form a bright white solid residue. The residue was resuspended in 20 mL of water and 100 mL of dichloromethane and then mixed. The suspension was gently warmed in a vented separatory funnel to dissolve remaining powder. The aqueous phase was discarded, and washing was repeated three more times (80 mL total). The 4× 20 mL wash steps were required to remove residual sodium and boron (as measured by a plateau in osmolarity). The organic phase was evaporated to yield L (1.53 g, 83% yield). Cu~2~L was then prepared as described by Fabbrizzi et al. with minor modifications ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_001.pdf)).^[@ref27]^ Briefly, 1 g of L was dissolved in 100 mL of methanol. A molar excess (4 equiv, 2.27 g) of Cu(NO~3~)~2~ hemi(pentahydrate) was dissolved in 20 mL of methanol and then added to L. The reaction was stirred and heated under reflux for 30 min. The solution was cooled to RT, at which time a deep blue (indigo or Persian shade) precipitate formed. The suspension was then further cooled to −30 °C for 20 min. The final product (Cu~2~L) was filtered and washed with cold methanol until filtrate ran colorless. This product was then crystallized before binding studies and single-crystal X-ray analysis. We found that crystallization of I and L was not possible due to oiling out during cooling of the saturated solutions. Identification was confirmed by mass spectrometry (I and L), NMR (I and L), and X-ray crystallography (Cu~2~L). The average overall yield of Cu~2~L was 75%.

Crystallization {#sec4.3}
---------------

Cu~2~L was dissolved to saturation in 90% methanol/10% water at just below reflux temperature (75--80 °C) in a glass scintillation vial. The hot supernatant was rapidly transferred to another scintillation vial, sealed, and incubated in an oven. The temperature was raised slightly above saturation temperature (∼82 °C) and then decreased by 1--2 °C per day for 2 weeks. Cu~2~L was highly insoluble below 50 °C, where full crystallization was evident. The primitive unit cell is triclinic (space group: *P*1). Cell lengths (Å) are *a* = 8.4651, *b* = 9.2232, and *c* = 24.114; cell angles are α = 85.9020 β = 81.4690, and γ = 67.0760; cell volume is 1714.64 Å^3^; and the *R* factor (%) is 4.72. The formula calculated from the crystal is Cu~2~L(NO~3~)~4~ (H~2~O)~3~ (CCDC deposition number: 1892859, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

Assessment of Cu~2~L Activity against Eosin Y ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b) {#sec4.4}
-------------------------------------------------------------------------------------------------------------

An eosin Y (10 μM) solution was made in ultrapure water buffered with 10 mM HEPES and adjusted to pH 7.5. Cu~2~L was dissolved in ultrapure water to 50 mM or higher concentrations and then added to separate aliquots of the eosin Y stock to make the final solutions. We noted that eosin Y bound to polypropylene and, when combined with Cu~2~L, the combination showed a more pronounced adsorption, so much so that transferring the same solution to and from five different tubes showed a visible decrease in color from bright pink to almost colorless. Therefore, we used glassware for all steps with the exception of the black polystyrene 96 well plate. The solutions were premixed and added to the plate immediately before measuring at 485 nm excitation/528 nm emission.

Reversal of Eosin Y Quenching ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) {#sec4.5}
-------------------------------------------------------------------------------------------

A Cu~2~L (40 μM) and eosin Y (20 μM) solution was made in ultrapure water buffered with 10 mM HEPES and adjusted to pH 7.5. Oxalic acid solutions (2× final concentration) were made separately in the same buffer and also adjusted to pH 7.5. Forty microliters of each oxalate solution was added in triplicate to the empty wells of the black 96 well plate. Then, 40 μL of the Cu~2~L--eosin Y solution was added to each well. This resulted in a final concentration of 20 μM Cu~2~L, 10 μM eosin Y, and from 500 to 0.5 μM oxalate. The plate was automatically mixed on the reader and was immediately read (485 nm excitation/528 nm emission).

Acid Specificity Test of Cu~2~L ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) {#sec4.6}
--------------------------------------------------------------------------------------------

The protocol for assessing binding specificity of anions (and select bases) was the same as that used in the oxalate binding curve ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) with one exception: pH was adjusted to 8.0 to avoid encroaching below pH 7.5, where eosin Y fluorescence inherently begins to decline. All solution pH values were measured after anion addition and were generally within 0.1 units from 8.0.

Mass Spectrometry of Intermediates {#sec4.7}
----------------------------------

Intermediates were dissolved in methanol at approximately 1 mM. Samples were injected and mixed in-line with 50% methanol/50% water containing 5 mM formic acid. The mass spectra of I and L ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_001.pdf)) were obtained with the following instrument parameters: ion mode (I and L, +), capillary temperature (I and L, 250 °C), capillary voltage (I and L, 180 V), source voltage offset (I, 35 V; L 30 V), source voltage span (I, 25 V; L, 20 V), ESI source gas temperature (I, 150 °C; L, 200 °C), ESI voltage (I and L, 3500 V), and scan parameters (I and L, CMS range 100--1000 *m*/*z*, 900 ms scan time).

NMR Spectroscopy of Intermediates {#sec4.8}
---------------------------------

^1^H and ^13^C NMR spectra for I and L were recorded on a Bruker Avance III 400 Ultrashield Plus spectrometer. Two-dimensional (COSY and HSQC (heteronuclear single quantum coherence spectroscopy)) experiments were performed to enhance assignments. Chemical shifts (δ-scale) are reported in ppm with TMS (0 ppm) or the residual solvent signals (CHCl~3~: 7.26 ppm) for ^1^H NMR and (CDCl~3~: 77.16 ppm) for ^13^C NMR. The spectra are included in the Supporting Information ([Figures S3--S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_001.pdf)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01655](https://pubs.acs.org/doi/10.1021/acsomega.0c01655?goto=supporting-info).Synthesis scheme and electrospray ionization mass spectrometry and NMR spectroscopy (^1^H, ^13^C, COSY, and HSQC) of I and L (Figures S1-S10) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_001.pdf))Reversal of fluorescence quenching using oxalate as the guest molecule ([MP4MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01655/suppl_file/ao0c01655_si_002.mp4))
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